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Double-exchange system is investigated by the dynamical mean-field theory. We show that the
chemical potential shifts as a function of temperature and magnetization, which is anomalously
large. We also discuss the influences of dynamic Jahn-Teller effect to the shift of the chemical
potential. Measurement of the shift of the chemical potential casts a constraint to theoretical
approaches for the magnetoresistance phenomena in (R,A)MnO3 such as double-exchange effects
and dynamic Jahn-Teller effects. We also propose a method to measure the shift of µ.
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Mechanism of colossal magnetoresistance (MR) in per-
ovskite manganites (R,A)MnO3 has attracted significant
attention. As a canonical model for these compounds,
double-exchange (DE) Hamiltonian has been introduced
in order to study the ferromagnetism.1,2) Recently, inter-
play between magnetism and transport properties in DE
systems are studied in a controlled manner using the dy-
namical mean-field approach.3) This model reproduces
many experimental results as long as compounds with
wide eg electron bandwidth and high carrier doping, e.g.
La1−xSrxMnO3 at x >∼ 0.3, are concerned.
However, compounds with narrower bandwidth show
many different properties. One of such examples is that
the conductivity shows a crossover from metallic to semi-
conductive behavior above the Curie temperature Tc by
narrowing the electron bandwidth.4) Dynamical mean-
field approach gives temperature insensitive conductivity
above Tc and hence fails to explain experimental data in
these regions. Several mechanisms to explain semicon-
ductive behavior above Tc have been proposed.
One of such proposals from microscopic points of view
is the dynamic Jahn-Teller (JT) theory by Millis et al.,
where change of electronic states due to interplay be-
tween DE and electron-lattice coupling effects is dis-
cussed in relation to the MR phenomena.5, 6) Here semi-
conductive behavior is considered to be due to formation
of lattice polaron with dynamic JT distortion. Experi-
mentally, large lattice distortion in oxygen is observed
in La1−xCaxMnO3.
7, 8, 9) However, direct observation of
reconstruction of electronic states in large energy scale
with its origin in dynamic lattice distortion has not been
reported so far.
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Alternatively, effects of Anderson localization in the
DE systems with and without charge disorder10, 11, 12)
are also investigated. It is also proposed that long-
wavelength spin fluctuation may cause such semiconduc-
tive behavior.13) Apart from the intrinsic bulk nature,
magnetic domain boundary effects14) are also reported
as an origin of anomalous MR phenomena.
In this paper, we propose a method to investigate the
electronic structure of the DE systems, which casts con-
straints on possible mechanisms described above for MR
in manganites. Namely, the shift of the chemical po-
tential caused by magnetism is anomalously large in the
DE systems, and the measurement of the shift shows
us informations for the electronic structure of perovskite
manganites, such as interplay of charge, spin and lattice
degrees of freedom.
We study Zener’s DE Hamiltonian,1)
H = −t
∑
<ij>,σ
(
c†iσcjσ + h.c.
)
− JH
∑
i
~Si · ~σi
−µ
∑
iσ
niσ −H
∑
i
Mzi . (1)
Localized spins ~Si are treated as classical rotators with
the normalization |~S| = 1. Magnetic field is represented
by H , and the local magnetization is defined by Mzi =
(1/2)σzi + (3/2)S
z
i . We apply the dynamical mean-field
theory for a system with a semicircular density of states
(DOS) with bandwidth W . For Hund’s coupling, we
choose JH = 4W since it reproduce x dependence of Tc
as well as MR curve in La1−xSrxMnO3 at x ∼ 0.2.
3)
In Fig. 1 we show the temperature dependence of the
chemical potential at x = 0.2 under various magnetic
field. At H = 0, chemical potential µ is nearly tem-
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perature independent above Tc. Below Tc, µ shifts as a
function of temperature. In the inset of Fig. 1 we plot µ
as a function of magnetic moment 〈M〉2. We calculate µ
and 〈M〉, (i) at H = 0 by changing temperature in the
region T ≤ Tc, and (ii) at fixed temperature above Tc by
changing H . As a result, we see the scaling relation
∆µ/W ∝ 〈M〉
2
, (2)
where ∆µ ≡ µ(T,H) − µ(T = Tc, H = 0). We see that
∆µ can be as large as 0.1W .
The origin of the large shift in µ is understood as fol-
lows. In Fig. 2 we show the total electron DOS. The
width of DOS becomes narrower as temperature be-
comes higher, with the band center being fixed to the
atomic level determined by the energy of eg orbital and
Hund’s coupling. Change of the electron bandwidth is
understood qualitatively through Anderson-Hasegawa’s
picture.2) Electron hopping amplitude is proportional to
cos(θ/2) where θ is the relative angle of the localized
spins. At high temperature, θ deviates from zero due to
spin fluctuation, and the amplitude of electron hopping
matrix element and hence the bandwidth decreases. This
is also shown by the virtual crystal approximation.15)
Thus, for a fixed band filling, the total change of the
DOS width in the entire energy range causes the shift
of µ. The change in such a large energy scale controlled
by magnetization produce the characteristic feature of
the shift of µ in DE systems; namely, the shift of µ as
large as a few tenth of W and the scaling relation (2).
That the magnetization affects the electronic structure
in large energy scale is also seen in the transport phe-
nomena.3) Since the change of DOS takes place not only
in the vicinity of the Fermi surface, we speculate that
the present result is not sensitive to the shape of DOS.
The bandwidth of eg electrons in La1−xSrxMnO3 is es-
timated to be in the order ofW ∼ 1eV or larger by exper-
iments14, 16, 17) and first-principle calculations.18) Similar
value for the bandwidth is also estimated from spin wave
excitation spectrum19) as well as Tc for various values
of doping3) by fitting the experimental values with the
results for DE Hamiltonian. Then, the shift of µ is esti-
mated to be as large as 0.1eV.
Let us now consider the case of strong JT coupling.
It has been shown that interplay between JT lattice dis-
placements and DE effects produce a reconstruction of
electron DOS as a function of temperature and magneti-
zation.6) When the energy scale of JT distortion poten-
tial is comparable to or larger than the electron band-
width, transport properties of DE systems above Tc will
be relevantly affected by the dynamic JT effect, which is
one of the possible explanations for MR phenomena in
manganites.5) In this case, temperature dependence of
JT distortion amplitude will cause the change in energy
split of eg orbitals in the order of electron bandwidth.
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Fig. 1. Temperature dependence of µ at JH/W = 4 and x = 0.20
under various magnetic field. Inset: ∆µ/W as a function of
〈M〉2. Lines show the result for H = 0. Squares and diamonds
are data at T = 1.01Tc and 1.2Tc, respectively.
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Fig. 2. Temperature dependence of the DOS at JH/W = 4 and
x = 0.20 obtained by dynamical mean-field approach. Solid,
dashed and dotted curves are for T/Tc = 0.2, 0.5 and 1.05,
respectively. Width of DOS at the paramagnetic phase becomes
1/
√
2 times narrower than that for the ground state in the limit
JH/W →∞.
Therefore, large shift of µ is expected also at above Tc.
Thus, measurement of the shift of µ in (R,A)MnO3
will be one of the crucial tests for the DE mechanism as
well as the dynamic JT effect in these materials. Espe-
cially, by controlling the bandwidth, we may obtain in-
terplays between charge and lattice distortions through
a simultaneous comparison with other experiments such
as transport and lattice distortion measurements.
Experimentally, shift of the chemical potential should
be observed directly by photoemission provided its en-
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ergy resolution is high enough. Here we propose an al-
ternative method to detect the shift of µ. Let us consider
a junction of a DE material and a semiconductor. When
the Fermi level of the semiconductor is in between those
of the DE material at zero and saturated magnetization,
which may be realized by bias voltage, carriers in the
semiconductor are injected or depleted depending on the
magnetic state of the DE material. Namely, conductiv-
ity of the semiconductor as well as its Schottky level can
be controlled by the magnetism of the DE material. Ad-
vantage of this method is that detecting currents do not
path through the junction. Disadvantage of this method
is, however, that pinning of Fermi level may occur if the
junction is not ideal enough, and then the shift may not
be detected sensitively.
To summarize, we have shown the large shift of the
chemical potential in the DE systems, which is scaled
by magnetization. Influences by strong JT coupling is
also discussed, and through the measurement of µ in
(R,A)MnO3 we may observe the relevance of dynamic
JT effects to its electronic states. A method to measure
the shift of µ is proposed.
The author thanks K. Kusakabe, T. Arima and Y.
Moritomo for discussions.
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